To engineer liver tissues with a clinically significant size, in vivo evaluation of performance using largescale animal studies are necessary before proceeding to human clinical trials. As pigs are the most suitable candidates, the development of culture conditions suitable for porcine hepatocyte progenitors is very important to engineer pig liver tissue equivalents. We therefore investigated the efficacy of poly-L-lactic acid (PLLA) three-dimensional (3D) scaffolds on the functional maturation of fetal porcine hepatocytes in the presence of various combinations of biofactors. Cells were isolated from pig fetuses obtained from a local slaughterhouse, and cultured for 15 days both in monolayer and PLLA scaffolds. Although 15 days of culture resulted in almost the same ratio of proliferation (about fivefold) in both monolayer and 3D PLLA culture, the PLLA culture with hepatocyte growth factor (HGF, 10 ng/ml) and sodium butylate (Sb, 1 mM) remarkably enhanced various liver-specific functions of fetal porcine hepatocytes. The final attained functions based on the numbers of immobilized cells on day 1 compared with those of day 1 monolayers; 191-fold increase in albumin secretion, 70.5-fold increase in cytochrome P450 IA1/2 capacity, 20.9-fold increase in ammonia removal, and 18.0-fold increase in urea synthesis were obtained. These functions were 2.0-3.3-fold higher than those obtained by the same period of monolayer culture. In addition, final attained unit cellbased functions on day 15 were almost comparable to the levels reported for cultures of adult porcine hepatocytes in both monolayer and 3D spheroid cultures. These results demonstrate that the use of a biodegradable polymer-based 3D culture with an appropriate combination of biofactors is a promising approach to maximize functional maturation of hepatocyte progenitors from large animals. In addition, the established culture conditions are worth using to engineer large liver tissue equivalents for pigs in large-animal-based preclinical studies.
INTRODUCTION
of hepatocyte progenitors. Until now, only Elcin et al. reported the culture of fetal porcine hepatocytes. They showed good attachment and functional maintenance of While tissue engineering of implantable devices is an emerging cellular therapy for end-stage liver diseases the cells on chitosan membranes (9) . They also tried xenotransplantation of the cells attached onto chitosan- (2, 5, 6, 19) , there have been no reports of applications using implantable devices to treat liver disease in humans albumin microcarriers in rats (10) . However, their approaches were based on 2D culture systems and they (2) . Prior to clinical application, large-animal experimentation is necessary and pigs have been regarded as did not observe any functional maturation that may be affected by various biofactors. promising candidates because of their tissue availability as well as for their physiological similarities to humans
To organize a clinically meaningful size of liver tissue that is sufficient for transplantation, the use of (12) . Furthermore, fetal liver is promising for liver tissue engineering (17) because it contains a large proportion three-dimensional (3D) biodegradable scaffolds is indis-pensable (1, 6, 13, 27) . The porous structure of such 3D 96 ± 5 days (full term is about 115 days) were purchased from Shibaura Internal-Organs Inc. (Tokyo, Japan), stored scaffolds provides space for the accommodation of a high density of functional cells (11). Previous studies in in phosphate-buffered saline (PBS) on ice, and transported to the laboratory within 4 h of their death. our laboratory showed that 3D scaffolds, constructed from biodegradable poly-L-lactic acid (PLLA), enFetal porcine hepatocytes were isolated by a two-step perfusion technique as previously described (10) . Briefly, hanced the maturation of fetal mouse hepatocytes (17,18) and subcultured fetal human hepatocytes (15) in with the vena cava and portal vein ligated, the liver was perfused via the umbilical vein as follows: first with prethe presence of appropriate biofactors, such as nicotinamide (NA), dimethyl sulfoxide (DMSO), and oncosperfusion medium containing 0.5 mM ethyleneglucolteraacetic acid (EGTA) at a flow rate of less 30 ml/min for tatin M (OSM). However, even this basic strategy has not yet been applied to the culture of fetal porcine hepa-10 min, and second with 0.05% collagenase-containing buffer for 5 min. All perfusion solutions were maintocytes.
Although we observed synergistic influences of these tained at 38°C. The digested liver tissues were further incubated at 37°C in the collagenase perfusion buffer three factors (NDO cocktail) in 3D cultures of fetal mouse hepatocytes (17,18), other biofactors (i.e., cytowith gentle agitation for an additional 10 min. Then the partly digested tissues were gently pipetted and mechankines, growth factors, and chemical compounds) have also been shown to have potent effects on hepatic ically dispersed in serum and growth factor-free minimum essential medium (MEM) (GIBCO) to produce a growth and differentiation under in vitro culture conditions (16). Hepatocyte growth factor (HGF) is known cell suspension. The suspension was centrifuged at 800 rpm four times and filtered through a 70-µm Falcon cell to mediate growth, proliferation, angiogenesis, and cell motility in a wide range of tissues. Recently, sodium strainer. Typically, 2.9-4.3 × 10 8 cells (N = 3) were isolated from a single isolation and the viability was 87.3 ± butyrate (Sb) was reported to induce human embryonic stem cell (hESC) differentiation into hepatocyte-like 2.1% (N = 3) as determined by the trypan blue dye exclusion method. cells (23). Therefore, inclusions of these two factors, in addition to NDO cocktail, are expected to further enCultivation of Fetal Porcine Hepatocytes hance the proliferation and differentiation of fetal hepatocytes.
The cells were inoculated at 4.0 × 10 5 cells per piece in a 0.03% collagen-coated PLLA scaffold and at 5.0 × To establish basic culture conditions that are suitable for future large-scale reorganization of implantable liver 10 4 cells/cm 2 in 0.03% collagen-coated 12-well plates and were cultured at 37°C in a CO 2 incubator (95% air/ tissue equivalents, we investigated the in vitro effects of the above five factors on fetal porcine hepatocytes in 5% CO 2 ). The PLLA culture was continuously shaken using a rotational shaker at a rotational speed of 60 both monolayers and 3D PLLA scaffolds during 2 weeks of culture. Because our concern is maturation in rpm. The culture medium was Williams' medium E (Sigma) supplemented with 10% fetal bovine serum, 2 terms not of phenotypic markers but expression levels of liver-specific functions, we measured four major mM L-glutamine, 1% nonessential amino acid solution (for MEM) (GIBCO), 0.5 mM ascorbic acid diphosfunctions including albumin secretion, cytochrome P450 IA1/2 capacity, ammonia removal, and urea synthesis, phate (Wako Pure Chemical Industries, Osaka, Japan), 10 −6 M insulin (TaKaRa, Osaka, Japan), 10 −6 M dexaand they were quantitatively compared with those of adult porcine hepatocytes. methasone (Wako), mouse epidermal growth factor (mEGF, 10 ng/m;; TaKaRa Bio), and gentamicin (50 MATERIALS AND METHODS µg/ml; Wako).
Preparation of PLLA Scaffolds
After 24 h of incubation, the spent culture was removed and the culture was supplied with fresh basal culThe 3D PLLA scaffold (1.5 mm thick, Φ10 mm, 0.11 ture medium (basal group), basal one containing recomcm 3 ) was prepared as previously reported (15, 17, 18) . binant human hepatocyte growth factor (rhHGF) (10 ng/ The scaffold has a high porosity of approximately 96% ml, Pepro Tech EC) (HGF group), basal one containing with a mean pore size of 250-500 µm. We sterilized the Sb (1 mM; Wako) (Sb group), basal one containing HGF macroporous PLLA scaffolds with 70% ethanol for 2 h and Sb (HGF/Sb group), basal one containing NDO and washed them three times with sterilized distilled wa-[NA, 10 mM (Wako); DMSO, 1% (Wako); rhOSM, 10 ter. The scaffolds were then soaked in 0.03% collagen ng/ml (R&D Systems, Minneapolis, MN] (NDO group), acid solution (Nitta Gelatin, Osaka, Japan) for 1 h and and basal one containing NDO, HGF, and Sb (NDO/ used as substrate for the culture.
HGF/Sb group). The medium was changed on day 1 and Isolation of Fetal Porcine Hepatocytes then every 2 days thereafter. Culture medium samples taken at each medium change were stored for assay of Porcine fetuses from a local slaughterhouse (Tokyo Meat Market, Tokyo, Japan) with a gestation length of albumin concentrations.
Measurement of DNA Content culture conditions, the attached cells proliferated rapidly and covered the entire bottom of the even well after day and Liver-Specific Functions 3. On day 15, the density of cells increased remarkably To measure cellular DNA content, cells in monoin all culture conditions, but the cellular morphology layers were scraped off from the bottom of each well was significantly affected by the biofactors included in and sonicated by an Ohtake sonicator (Ohtake Works the culture medium. Co., Japan) at 40 W in an ice bath. Cell-loaded 3D PLLA At the end of the culture, nonparenchymal fibroblasscaffolds were first cut into smaller pieces (less than 1 tic cells dominated the culture in the basal control group mm 3 ), sonicated, and the supernatant was used for the ( Fig. 1B) . In the HGF-containing (Fig. 1C) or Sb-contain-DNA content measurements. In accordance with the ing (Fig. 1D ) culture, parenchymal cell growth was sigmethod described by Brunk et al. (4), DNA concentrations nificantly better than that in the basal control group, but in the sonicated cell suspension were measured by 4′,6-the morphology was not better than those in the combidiaamidino-2-phenylindole (DAPI) fluorometry on days 1 nation of HGF and Sb (Fig. 1E ) or in the presence of all and 15 (17,25). Isolated 10 6 fetal pig hepatocytes correfive factors (Fig. 1G ). In the latter two conditions, nearly sponded to 24.2 ± 1.5 g of calf thymus DNA (N = 6).
100% cells showed typical hepatocyte morphology such Albumin secreted into culture medium was measured as polygonal shapes or distinct junctions with adjacent by sandwich-type enzyme-linked immunosorbent assay cells. However, they had a smaller size than mature (ELISA) using standard porcine serum (Yagai Co., Yahepatocytes and had only a single nucleus. Such appearmagata, Japan), anti-porcine serum albumin antibody ance indicated that they can be referred to as small hepaand its peroxidase-conjugated form (Bethyl Lab Inc., tocytes, which is one of the established typical morphol-TX) (25) . Cytochrome P450 IA1/2 capacity in terms of ogies of hepatocyte progenitors as reported by many ethoxyresorufin O-deethylase (EROD) capacity was groups including ours (17, 18, 20, 24) . In contrast to the measured according to methods described in previous good morphology observed in the cultures with HGF/Sb reports (7, 14) . Ethoxyresorufin (ER) (Sigma, St. Louis, or all five factors (NDO/HGF/Sb), NDO cocktail ( Fig.  MO) was added to the culture at a concentration of 10 µM. 1F), which was reported to remarkably enhance maturaAfter 1 h of incubation, the culture medium was sampled.
tion of fetal mouse hepatocytes, did not seem to be Fluorescence was measured at an excitation wavelength enough for induction of typical morphology of hepatoof 530 nm and an emission wavelength of 585 nm; the cyte progenitors. contribution of the remaining ER to the fluorescence was calculated from simultaneously measured absorbance at DNA Content-Based Cell Growth 480 nm, and net resorufin production was determined by
The number of cells was measured on days 0, 1, and a calibration curve based on authentic R.
15 according to the content of cellular DNA, and growth To evaluate the ammonia removal and urea synthesis ratios (day 15/day 1) were calculated (Fig. 2) . The cell capacity, hepatocytes were exposed to culture medium adhesion efficiency after 1-day culture was 82.7 ± 9.5% containing 1 mM NH 4 Cl (Wako). Samples of medium and 83.8 ± 7.1% in monolayer and 3D shaking culture, were collected at the beginning and after 2 h of incubarespectively (N = 9). As partly shown in the microscopic tion. Ammonia concentration was measured by an inobservation of monolayers ( Fig. 1) , porcine hepatocytes dophenol method (21, 25) and urea concentration was grew very well up to about fivefold during the 15 days measured by a diaceylmonoxium method followed by of culture, in most of the culture conditions including trichloroacetic acid protein precipitation as previously the monolayers and 3D, except the Sb-containing monoreported (21) .
layer culture. In spite of a higher availability of growth Histological Evaluation surfaces in the 3D PLLA culture, there was no difference in these final attained proliferation ratios between Cell-loaded PLLA scaffolds collected on day 15 were the monolayer and 3D cultures, suggesting that cells in fixed in formalin solution and embedded in paraffin. Hothe 3D culture tended to differentiate after a certain rizontal sections (5 µm thick) were obtained from the degree of growth. The final attained cell density in central region of each specimen and stained with hemathe PLLA culture in the presence of HGF/Sb was about toxylin and eosin (H&E).
1.5 × 10 7 cells/cm 3 (N = 9), which was one order of RESULTS magnitude lower than that of the in vivo liver tissue (about 4.0 × 10 8 cells/cm
) (22).

Effects of HGF, Sb, and NDO on Cell Morphology Effects of HGF, Sb, and NDO on Various in Monolayer Culture
Liver-Specific Functions After freshly isolated fetal hepatocytes were seeded on 12-well plates at a density of 5.0 × 10 4 cells/cm 2 , the As shown in Figure 2 , the growth behaviors were almost the same irrespective of the factors included in the cells soon attached to the culture plates (Fig. 1A) . In all culture medium. However, functions in monolayers rein the monolayer and 3D PLLA culture throughout all the functional measurements. flected the differences in cellular morphology as observed in Figure 1 . Among the culture conditions examAs shown in Figure 3A , the albumin secretion of the fetal cells cultured in monolayer under the condition of ined, cultures supplemented with HGF and Sb gave the overall best functional capacity based on the numbers of basal, HGF, Sb, and HGF/Sb showed a dramatic increase after day 3 and reached the maximal level on day initially immobilized cells on day 1 (Figs. 3 and 4 Among the culture conditions with respect to the added biofactors, HGF/Sb group was the best both in to almost a 56.7-fold increase of the day 1 function (N = 9). This trend exactly agrees with the differences in celmonolayer and PLLA cultures. Inclusion of NDO in addition to HGF and Sb did not result in further improvelular morphology as shown in Figure 1 .
Albumin secretion in 3D PLLA under the condition ment. This trend well agreed with the microscopic observation of the monolayers as shown in Figure 1 (i.e., of basal, HGF, Sb, and HGF/Sb showed dramatic increases until day 9 or 11, and then it was maintained at higher proportion and better morphology of small hepatocytes resulted overall in enhanced functions). When slightly lower level until day 15 (Fig. 3B) . In contrast to the results in monolayers, there was no significant we compared the contributions of biofactors between in monolayer and 3D PLLA cultures, the contributions difference among the four groups. The function in the HGF/Sb group on day 15 also corresponded to a 73.5-were elicited better in monolayers than 3D PLLA cultures, suggesting the preferential effects of 3D culture fold increase of the day 1 function (N = 9). This final attained functional level was 191-fold of that in monoitself. layers on day 1, demonstrating higher advantage of 3D
Comparison of Liver-Specific Functions Between Fetal culture over monolayer culture (N = 9). Inclusion of Hepatocytes and Mature Cells NDO cocktail even reversed the good functional maturation of the cells in 3D cultures. This had not been exOn a per cell-based functional comparison, liverspecific functions of cultured fetal cells in PLLA scafpected from the good results obtained in fetal mouse culture in our group (17,18).
folds in the presence of HGF/Sb on day 15 were enhanced 4.2-14.9-fold compared with those on day 1 Other liver-specific functions such as EROD capacity, ammonia removal, and urea synthesis in monolayers (Fig. 5 ) (N = 9). When these final attained functional levels in 3D PLLA culture were compared with our preon day 1 were very low, but 3D PLLA culture during 15 days with HGF and Sb remarkably enhanced the low vious study for adult porcine hepatocytes cultured in monolayers and 3D spheroids, almost the same expresfunctions up to 70.5-fold for EROD capacity (Fig. 4A) , 20.9-fold for ammonia removal (Fig. 4B) , and 18.0-fold sions were achieved in albumin secretion, ammonia removal, and urea synthesis (25) . On the basis of these for urea synthesis (Fig. 4C) (N = 9) . Overall, culture in comparisons with respect to the liver-specific functions, dition, cells preferentially grew in the peripheral region of large PLLA pores (Fig. 6 ), suggesting that oxygen we concluded that 3D PLLA culture is a very effective culture condition for maturation of fetal porcine hepatoand/or nutrient supply limits the space allowable for cell growth in usual macroporous 3D scaffolds. cytes.
Histological Analysis of 3D Cell-Containing Constructs DISCUSSION
The objective of this research was to find culture conTo study the morphologies of fetal porcine hepatocytes cultured in PLLA scaffolds on day 15, the histolditions suitable for fetal porcine hepatocytes prior to engineering liver tissues for large animals. To our knowlogy of two conditions-namely basal and HGF/Sbwere investigated. Unlike the monolayer culture, there edge, this is the first report that details the incubation and functional maturation of fetal porcine hepatocytes in were no significant morphological differences between the basal and HGF/Sb groups in the 3D culture (Fig.  3D biodegradable polymer scaffolds. We demonstrated that 3D PLLA culture itself re-6). This agrees well with functional measurements as described above (Figs. 3-5) . Hepatocytes formed aggremarkably enhanced various liver-specific functions of fetal porcine hepatocytes, and supplementation with gates (yellow arrows) within the scaffold interspaces. These observations are in support of the higher liver-HGF and sodium butyrate (Sb) slightly enhanced these functions. When the final attained functions on day 15 specific functions and lower final attained cell density (1.5 × 10 7 cells/cm 3 ) in 3D PLLA scaffolds (22) . In adunder this best culture condition were compared with those of day 1 monolayers, 191-fold increase in albumin hepatocytes ( Fig. 5 ) (25) . This clearly indicates remarkable maturation occurred during 15 days of 3D PLLA secretion (Fig. 3) , 70.5-fold increase in P450 IA1/2 capacity, 20.9-fold increase in ammonia removal, and culture with HGF/Sb. The aggregate formation of fetal hepatocytes in the PLLA scaffold (Fig. 6 ) may be one 18.0-fold increase in urea synthesis (Fig. 4) were obtained. On a per cell basis, the final attained functional of the reasons for these functional enhancements. We previously reported that the same 3D PLLA scaffolds levels were at least in the same order to merely equal to the levels of 3D spheroid culture of adult mature porcine markedly enhanced in vitro maturation of fetal mouse hepatocytes, but the influence of biofactors in those shown to be sensitive to rhHGF (8), consistent with our results. Sb is produced in the colon by bacterial flora studies was relatively higher than seen here (17,18). Although such interspecies differences require clarification and flows into the portal circulation. Yoon et al. (28) reported that Sb treatment increased urea production and culture conditions require subsequent optimization, the data in the present study demonstrate the advantages rates in human fetal hepatocytes in monolayer culture. Recently, Rambhatla et al. (24) successfully combined of 3D biodegradable scaffolds in terms of maturation of hepatocyte progenitors.
these two factors with other chemical compounds to induce hESC differentiation into hepatocyte-like cells. Our Biofactors can either stimulate or inhibit cellular proliferation and differentiation (3, 16) . Of the factors examresults, particularly from monolayer culture, confirm the necessity and importance of the combination of HGF ined in this study, the combination of HGF and sodium butyrate (Sb) was most effective (Figs. 3 and 4) . HGF and Sb in the functional maturation of fetal porcine hepatocytes. is produced by nonparenchymal liver cells and induces hepatic maturation. Porcine hepatocytes have been
Although we reported that NA, DMSO, and OSM 3D CULTURE FOR LIVER TISSUE ENGINEERING 807 (NDO cocktail) were able to remarkably enhance the mechanisms by which these biofactors act on fetal hepatocytes. maturation of fetal mouse liver cells (17,18,24), particularly when combined with 3D PLLA culture, we show Our final objective is to reorganize an implantable liver tissue device equivalent that has a clinically signifithat this combination is not effective and even reverses the favorable effects of HGF and sodium butyrate in fecant size with functions comparable to at least one third functions of in vivo liver tissue (15, 26) . Although portal porcine hepatocytes (Figs. 3 and 4) . It is still unclear whether this phenomenon is due to species differences cine hepatocytes cultured in 3D PLLA scaffolds exhibited enhanced liver-specific functions comparable to between mice and pigs or due to differences in the Effects of recombinant human hepatocyte growth factor on the proliferation and function of porcine hepatocytes.
